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I. INTRODUCTION
Over the last five or six years, we have been working on the production of accurate potential energy curves for M + -Rg species, where M = alkali metal ͑Li-Fr͒ and Rg = rare gas ͑He-Rn͒. We have now produced accurate potential energy curves for all 36 ion-atom combinations. Initially, the curves were used to produce spectroscopic constants [1] [2] [3] but this work expanded into also calculating transport coefficients of M + in Rg. [4] [5] [6] [7] The latter are a stringent test of a molecular potential when experimental results are known over a wide range of E / N ͑the ratio of the electric field strength to the gas number density͒, as the potential then is probed in the short-and long-R regions, as well as near the minimum. In the present work we expand these studies both by moving to systems involving an anion and to one in which two energetically close states are coupled by spinorbit interaction.
Ab initio calculations have now reached the stage where, for light diatomic molecules ͑involving first and second row elements͒, very accurate potential energy curves can be obtained in most cases. This is particularly the case if a singlereference wave function will suffice, for then the CCSD͑T͒ method may be employed ͑using restricted or unrestricted wave functions͒ with a moderately large basis set ͑of quadruple-quality or better, and including polarization functions͒. For electronegative species and/or anions, diffuse functions must also be included. Complications can arise, however, for open-shell species when spin-orbit coupling must also be considered.
In the present case, when O − ͑ 2 P͒ is approached by a rare gas atom, 2 ⌸ and 2 ⌺ + states arise, depending on whether the "hole" lies perpendicular to or along the internuclear axis. These states lie close in energy, and hence the effects of spin-orbit coupling must be considered. The 2 ⌸ state splits into 2 ⌸ 3/2 and 2 ⌸ 1/2 , and the ⍀ =1/2 component can interact with the 2 ⌺ + state, which also has ⍀ =1/2. In principle, all three states may be populated under laboratory conditions, since the spin-orbit splitting in O − is small at 177.08 cm −1 ͑Ref. 8͒. We briefly summarize the information available on HeO − , NeO − , and ArO − . HeO − . The first study of O − moving in a rare gas appears to be that of McFarland et al. in 1973 ͑Ref. 9͒ for the case of helium. In that work, mobilities were measured for a range of E / N at 298 K. ͑Those data were smoothed and represented by Ellis et al. in Ref. 10 .͒ The information was not used to derive any information on the internuclear potential.
In 1977, Lin and Bardsley 11 performed Monte Carlo simulations of the motion of ions drifting though rare gases. The particular case of O − drifting through helium was considered, and it was noted that a degeneracy is present in the ionic state and that 2 ⌺ + and 2 ⌸ states needed to be considered. An interaction potential for each state was reported, but it was noted that the derivation of the pair of potentials was "clearly not unique. " Bychov 12 has fitted the mobility data available to an average "O − -He" potential, but only in a narrow range covering part of the repulsive region ͑1.8ഛ R ഛ 2.2͒. The form of the potential used was
where U 0 was determined as 640 eV and ␣ as 3. 17 the latter work has also been summarized as part of a review article. 18 In that work 2 ⌺ + and 2 ⌸ potential energy curves were calculated at various levels of theory with the highest level, UMP4, employing a basis set of triple-quality, augmented with double diffuse functions and also with bond-centered functions, d-aug-ccpVTZ͑ϩbf͒. These two potentials were then employed with a model for the spin-orbit coupling ͓see Eqs. ͑10͒ and ͑11͒ of Ref. 17͔, in which the two ⍀ =1/2 states were allowed to interact. Although spectroscopic parameters were not reported for the spin-orbit curves, standard ion mobilities were reported in graphical form. Also briefly mentioned in that work were some results at the RCCSD͑T͒/aug-ccpVQZ͑ϩbf͒ level. We shall compare the UMP4/d-aug-ccpVTZ͑ϩbf͒ potential with our own below.
II. CALCULATIONAL DETAILS
Potential energy curves. Potential energy curves were calculated over a wide range of R, covering the long and short regions. The precise range and separations employed were, to some extent, dictated by the demands of the transport coefficient calculations.
RCCSD͑T͒ ͑Ref. 19͒ calculations were employed using the MOLPRO package 20 to generate curves for the lowest 2 ⌺ + and 2 ⌸ states. As noted above, these are the two states that arise as the degeneracy of the 2 P state of O − is broken by the rare gas atom. The basis sets employed for HeO − and NeO − were d-aug-cc-pV5Z. For ArO − , however, only the singly augmented aug-cc-pV5Z basis set was employed owing to computational limitations. Basis sets were obtained from the Gaussian basis set order form. 21 These curves were point-bypoint corrected for basis set superposition error ͑BSSE͒, employing the full-counterpoise correction ͑CP͒. The frozencore approximation was employed in all cases except He, which has no core electrons. Spectroscopy. From the interaction potential energy functions, equilibrium internuclear separations, dissociation energies, and rovibrational energy levels were obtained using LeRoy's LEVEL program. 23 Transport coefficients. Starting from the interaction potentials, transport cross sections were calculated as a function of ion-neutral collision energy using the program QVALUES. 24, 25 Appropriate averages of the cross sections for the 2 ⌺ + and 2 ⌸ curves, i.e., in the absence of spin-orbit coupling, or for the 2 ⌺ 1/2 + , 2 ⌸ 3/2 , and 2 ⌸ 1/2 curves, i.e., in the presence of spin-orbit coupling, were then taken. In each case, there is an issue as to what ratio of populations of the states to employ, and this will be discussed below.
The average cross sections as a function of collision energy were used in the program GRAMCHAR ͑Ref. 26͒ to determine the ion mobility and the other gaseous ion transport coefficients as functions of E / N at particular gas temperatures. The mobilities are generally precise within 0.1%, which means that the numerical procedures within programs QVALUES and GRAMCHAR have converged within 0.1% for the given ion-neutral interaction potential. However, at some intermediate E / N values for NeO − and ArO − , convergence is sometimes only within a few tenths of a percent and a slight "wobble" is observed in the computed values. The diffusion coefficients are generally precise within 1%, with the excep- 
III. RESULTS AND DISCUSSION
A. HeO −
Potential energy curves and spectroscopy
First, it has been noted by Viggiano, Morris, and Mason that Lin and Bardsley assigned the lowest state as the 2 ⌸ state, whereas the former authors deduced that the lowest state was more likely to be a 2 ⌺ + state based upon the known ground state of HeNe + . This state ordering also follows on from considerations based upon the minimization of electron repulsion, and has been discussed for the heavier RgO − species by de Clercq, Hendricks, and Bowen. 16 Viggiano, Morris, and Mason fitted their mobility data, obtained over a range of temperatures and a wide range of E / N, to an ͑n-6-4͒ potential, which has been put forward for modeling ion-neutral interactions:
where n =8, ␥ was obtained as 0.1, and r m was found to be 3.53 Å. The well depth obtained was 5.12 meV ͑41 cm −1 ͒, and represents an average of the three spin-orbit states. In Fig. 1 is presented a comparison of the 2 ⌺ + and 2 ⌸ potential energy curves of Lin and Bardsley, the "averaged" ͑8-6-4͒ potential of Viggiano, Morris, and Bowen together with our own CP-corrected RCCSD͑T͒ curves, in the absence of spinorbit coupling. We also show, in the insert, the repulsive regions of the curves and the potential of Bychov. As may be seen from Fig. 1 
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Potential energy curves for HeO − , NeO − , and ArO owing to the diffuseness of the orbitals, in fact the effect is minimal as far as the bond length and vibrational constants are concerned; the effect for the dissociation energies is of the order of 5% In Fig. 2 , the effect of "turning on" spin-orbit coupling is seen. In Fig. 2͑a͒ Fig. 2͑b͔͒ , and consequently have the same R e and vibrational constants. Consequently, we conclude that it is important to consider the effects of spin-orbit coupling in understanding the spectroscopy of the HeO − ion.
Transport coefficients
Diffusion coefficients and mobilities have been calculated over wide ranges of E / N and at a variety of temperatures, and we have placed the results in the gaseous ion transport database at Chatham College. 28 Here, we will only discuss the mobility results since there have been no experimental determinations of diffusion coefficients. Of particular a A is the fractional accuracy of the experimental data and P is the fractional precision of the theoretical values. Where there is a blank entry in the P column, it implies that different precisions were used over different ranges, depending on the ease of convergence.
importance here, and as noted above, is the fact that there are three low-lying spin-orbit states which can contribute, but the precise ratio to use is not clear. In the HeO − experiments of Viggiano, Morris, and Mason, the O − ions were produced via electron impact on N 2 O, in a relatively high-pressure regime ͑0.1-1 Torr͒. Although the distribution of the O − states was not measured, it was speculated that the distribution was likely to have been statistical ͑i.e., 2:1 in favor of the 2 P 3/2 state͒. Once interaction with He has occurred, assuming again that statistical behavior occurs, the appropriate ratio is 1:1:1 for the three spinorbit states mentioned above.
The question naturally arises as to whether it is reasonable to assume statistical behavior, and essentially this implies two things. First, the production of the O − ions is energetic enough that the higher energy 2 P 1/2 state is produced with the same efficiency as the lower 2 P 3/2 state. Second, that the populations remain statistical in the drift region ͑vide infra͒.
Let us now consider the statistics in Table II . These quantify the closeness of the agreement between the mobilities calculated using the potentials of the present work, and the smoothed experimental results 10, 14 of Refs. 9 and 13. There are results presented for mobilities calculated using: each of the 2 ⌺ + and 2 ⌸ curves, i.e., ignoring spin-orbit coupling; for each of the three spin-orbit states, individually; for a 1:2 weighting of the 2 ⌺ + and 2 ⌸ curves, i.e., assuming statistical behavior in the absence of spin-orbit coupling; and finally a 1:1:1 weighting of the three spin-orbit states, i.e., assuming statistical behavior in the presence of spin-orbit coupling. In addition, in Fig. 3 , we present a subset of these results graphically.
Considering first the results at 171 K, it may be seen that the results in the absence of spin-orbit coupling are quite reasonable for the 2 ⌺ + state, but poor for the 2 ⌸ state. The agreement is slightly better for the statistically weighted calculations. On moving to the calculations that employ the spin-orbit curves, it may be seen that the individual spinorbit states do not give good agreement with experiment, with the results for the 2 ⌺ 1/2 + state being particularly poor. However, once a statistical weighting of the three spin-orbit states is employed, it may be seen that the agreement between theory and experiment is excellent.
Similar comments hold at 300 K, where the statistical weighting of the spin-orbit states gives the best agreement over the whole temperature range, with the final agreement being very good, as may be seen by eye in Fig. 3 .
At 563 K, the picture is not so clear, with good agreement being obtained for the 2 ⌸ states ͑with and without spin-orbit coupling͒, and good agreement being obtained for the statistical mixes ͑again, both with and without spin-orbit coupling͒. What is clear, is that the 2 ⌺ + state on its own gives very poor agreement with experiment. What is more clear from Fig. 3 is that the calculated values lie consistently higher than the experimental ones ͑although at high E / N the calculated values come within the error bars͒. The indications are that the 563 K experimental mobilities are probably not reliable.
Finally, we consider the 93 K experiments. We first note that Viggiano, Morris, and Mason commented that these experimental results did not appear to fit in with those obtained at other temperatures. It is certainly the case that the agreement here, for all sets of calculations, was by far the worst, and, looking at Fig. 3 , it is quite clear that the calculated mobilities are consistently lower than the experimental values, although at high E / N they come within the error bars. It should additionally be pointed out that the behavior of the experimental mobilities at 93 K is not as expected. The depth of the HeO − 2 ⌺ 1/2 + well is D e =75 cm −1 , which corresponds to thermal energy ͑k B T͒ at a temperature of 108 K, and consequently one expects to see a distinct maximum in the mobility versus E / N curve at moderate E / N. This is indeed seen in the theoretical curves, but is absent in the 93 K experimental data. This again points to a problem with the data, as apparently suspected by Viggiano, Morris, and Mason.
What do these results imply about the experimental populations? Taken together, there seems to be little doubt that the best agreement between the experimental results and the calculations is found when a statistical weighting of the spin-orbit states is used. This is particularly the case at 171 K, and may also be seen fairly clearly with the 300 K results. Additional calculations ͑not reported here͒ with other weightings of the spin-orbit states gave results in greater disagreement with the experimental data than found for the statistical weighting. The conclusion is therefore that a statistical distribution of the 2 ⌺ 1/2 + , 2 ⌸ 3/2 , and 2 ⌸ 1/2 states was present in the experiments, and that changes in populations of these states through collisions happens at a rate that is infrequent enough not to affect the observed mobilities.
What is clear is that for a system such as O − where energetically close states can contribute, then care must be taken when deciding what weighting of the contributing states needs to be employed in order to obtain agreement with experiment and/or provide accurate predictions of transport coefficients. 
B. NeO

−
In Fig. 4 are shown the X 2 ⌺ + and A 2 ⌸ potential energy curves for NeO − , both in the absence and presence of spinorbit coupling. Table III shows the derived spectroscopic constants for these curves. Considering first the spectroscopic parameters obtained with and without counterpoise correction, it may be seen that there is a change of ca. 5%-6% for the dissociation energies. This is similar in magnitude as for HeO − , with again minimal changes to the bond length and vibrational constants. Again, this may be attributed to the rather long internuclear bond length, and the completeness of the basis set.
Moving on to the spin-orbit results, it may be seen that the constants of the 2 ⌸ 3/2 state are essentially identical with those of the 2 ⌸ state. For the two ⍀ =1/2 components, the interaction between them causes changes in the calculated parameters, and the curve shapes alter during the interaction. In particular we note that the 2 ⌸ 1/2 potential becomes slightly deeper, and steeper, with both of these being in line with an increased interaction as evinced also by the shorter bond length. Essentially the opposite trend happens for the 2 ⌺ + state, which becomes more weakly bound as a result of the interaction.
The mobilities at 300 K are shown in Fig. 5 , in addition to those for HeO − and ArO − .
C. ArO − Figure 6 shows our potential energy curves for the X 2 ⌺ + and A 2 ⌸ states of ArO − both with and without spin-orbit coupling. Also shown are the non-spin-orbit curves of Buchachenko et al. A summary of the spectroscopic analysis of our curves, with and without counterpoise correction, and with and without spin-orbit effects is given in Table IV . From Fig. 6 we note that our 2 ⌺ + and 2 ⌸ states are slightly deeper than those of Ref. 17 close to the minimum, but that there is excellent agreement at long R. This suggests that the difference between the two potentials is in the description of correlation energy, with the long-range electrostatics proving to be more facile to describe, as expected. The minima on the potential energy curve from Ref. 17 were found to be at 3.408 Å for the 2 ⌸ state and 3.013 Å for the 2 ⌺ + state. These both are in good agreement with the present values, as may be seen from both Table IV Fig. 5 , and values very close to those obtained in the present work are obtained, indicating that the potentials are somewhat similar, particularly at long R, as may be seen from Fig. 6 . These effects need to be included in order to obtain accurate spectroscopic constants, since we have shown that the constants obtained in the absence of spin-orbit coupling are significantly different. We have also seen that the effect of the counterpoise correction is quite small for these species, which is explained by the large basis set employed and the relatively large internuclear separation.
IV. CONCLUSIONS
As noted in the Introduction, one of the most stringent tests of a potential energy curve is the ability to calculate mobilities accurately across a wide range of E / N. In the present case, experimental data was only available for HeO − , and so we concentrated on this system in this paper. Although there may be some inaccuracies in some of the experimental data for HeO − , we showed that for two parts of the data set ͑namely, those at 171 and 300 K͒, there was unambiguous proof that the best fit was from a statistical ratio of the spin-orbit states, suggesting that the experimental data resulted from such a ratio of states. In summary, very accurate potential energy curves have been obtained, and their accuracy appears to be maintained across a wide range of R, as adjudged by the good agreement with experimental mobilities across a wide range of E / N. We are therefore confident that the spectroscopic constants that have been derived are also accurate.
We conclude by noting that further measurements of the mobilities of O − in He ͑and Ne and Ar͒ would be very useful; particularly those at low temperature and across a wide range of E / N. These would allow a better comparison between the calculated potentials and experiment. Spectroscopic measurements on the RgO − species would also be useful, but are clearly challenging.
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